Background: Brassinosteroids (BRs) are plant steroids that signal through the inhibition of GSK3/Shaggy-like kinases such as BIN2. Results: We show here that BIN2 phosphorylates MKK4, which inhibits its activity against MPK6, in a MAPK module that controls stomata patterning. Conclusion: BRs control cellular patterning via BIN2-mediated suppression of MKK4 activity. Significance: Novel cross-talk of GSK3 and MAPK signaling is revealed.
brassinolide or castasterone by a cell surface receptor complex containing the receptor-like kinase BRI1 (brassinosteroid-insensitive 1). In response to BR binding, BRI1 autophosphorylates, interacts with BAK1 (BRI1-associated receptor kinase 1), and facilitates an interaction of BSK1 (BR signaling kinase 1), a receptor-like cytoplasmic kinase with BSU1 (BRI1 suppressor 1), a serine/threonine phosphatase. BSU1 mediates dephosphorylation and thereby inactivation of the GSK3 (glycogen synthase kinase 3)/Shaggy-like kinase BIN2 (brassinosteroid-insensitive 2) and its redundantly acting homologues such as ASK (A. thaliana Shaggy-like kinase ) that act to regulate transcription factors of the BES1/BZR1 family and likely also of a set of basic helix loop helix transcription factors including CESTA and BEE1/BEE3 (5) (brassinosteroid enhanced expression 1/3), which in turn control the expression of BR target genes. Thus, at present it is thought that BRs confer their effect through the inhibition of GSK3/Shaggy-like kinases, which phosphorylate transcription factors to alter their activity on BR-responsive promoters (6, 7) .
BRs play well defined roles in cell division and cell elongation (8, 9) . In addition it is becoming increasingly evident that BRs also control the balance between proliferation and cell fate specification; however, these roles are not well established and the underlying molecular mechanisms have remained ill defined. The observation that inhibition of BR biosynthesis prevented differentiation of mesophyll cells into tracheary elements (10, 11) , whereas application of brassinolide had a promotive effect (12) , provided first evidence for a role of BRs in xylem differentiation. Recently, BRs were shown to participate in controlling root meristem size (13, 14) and to impact on the specification of cell fate and patterning in the root epidermis (15) . In the leaf epidermis stomatal distribution follows the onecell spacing rule; that is, adjacent stomata are spaced by at least one intervening pavement cell (16, 17) . Interestingly, this rule is disrupted in the BR biosynthesis mutant cpd (constitutive photomorphogenesis and dwarfism) where stomatal duplications were reported (18) , indicating that BRs may also impact on cellular patterning in stomata development.
Correct stomata patterning in A. thaliana requires the YODA-MKK4/5-MPK3/6 MAP kinase cascade (19 -21) . In this cascade YODA (YDA), a mitogen-activated protein (MAP) kinase kinase kinase (MAPKKK), phosphorylates the MAPKKs MKK4/MKK5, which in turn control the activity of the MAP kinases MPK3/MPK6 (19 -22) . Three basic helix loop helix transcription factors, SPCH (SPEECHLESS), MUTE, and FAMA, act directly downstream of MAP kinases to regulate specific events in the entry into and progression through the stomata development pathway (20, 22) . MAPK signaling networks are found in all eukaryotic organisms and regulate fundamental aspects of biology including but not limited to cell division, initiation of developmental pathways, and responses to abiotic and biotic stresses (23) (24) (25) . Via a phosphorelay mechanism these cascades, minimally composed of a MAPKKK, a MAPKK, and a MAPK, link upstream receptors to downstream targets (23) . MAPK pathways usually signal multiple stimuli, and also the YDA-MKK4/5-MPK3/6 module not only participates in cellular patterning but also transmits abiotic and biotic stress signals perceived by the receptor kinase flagellin sensing 2 (FLS2) (24) .
In the present study, we demonstrate that BR signaling governs cell fate specification in A. thaliana stomata patterning. Our results show that BIN2 phosphorylates MKK4 in its activation loop and that BIN2-mediated phosphorylation severely reduces MKK4 activity against MPK6 in vitro. An overexpression of MKK4 and its homologue MKK5 rescued stomata patterning defects of BR-deficient plants, providing in planta evidence for a function of BIN2 upstream of MKK4/5 in stomata development. A model in which BR signaling impacts on stomata patterning by suppressing BIN2-mediated phosphorylation of MKK4/5 at Thr-234 and thus activating the YDA-MKK4/5-MPK3/6 module is presented and discussed.
EXPERIMENTAL PROCEDURES
Plant Growth Conditions and Treatments-A. thaliana ecotype Columbia-0 (Col-0) was the wild type used for generation of all plant material described in this study. The seeds were sterilized using the chlorine vapor method (26) and plated on A. thaliana salts medium (27) . After stratification at 4°C for 2 days, seeds were placed in a growth chamber at 21 Ϯ 2°C and incubated in long day growth conditions (16 h T234A -YFP construct, a T234A point mutation was introduced into MKK4 by site-directed mutagenesis and was cloned as NcoIϩNotI fragment into the binary plant expression vector pGWR8 (29) downstream of the constitutive cauliflower mosaic virus 35S promoter. The YFP tag was inserted as a NotIϩNotI fragment. The integrity of the constructs was verified by sequencing. The resulting plasmids were transformed into Agrobacterium tumefaciens GV3101 carrying the Ti helper plasmid pSOUP. Transgenic plants were generated using the floral dip method (26 To analyze MKK4-YFP localization under its own promoter, the promoter and coding sequence of MKK4 were PCR-amplified and cloned as XhoIϩBamHI fragment into the vector described above, to replace the 35S promoter, yielding pMKK4: MKK4-YFP. For cloning of 35S:BIN2-YFP, the coding sequence of BIN2 was amplified by PCR, cloned as a NcoIϩNotI fragment into pGWR8, and tagged C-terminally with YFP. For ASK and ASK␤, published 35S promoter-driven constructs were used (29, 30) , and a YFP or cYFP tag was inserted using the NotI sites.
For protein expression, the coding regions of MKK2 (32), MKK4, MKK5, MKK7, or MKK4 T234A were cloned in-frame with the GST coding sequence into pGEX-4T2 (GE Healthcare, Buckinghamshire, UK). To obtain a His 6 -Myc-tagged version of MKK4, the coding region was cloned as a NcoIϩNotI fragment into the pMAL vector (New England Biolabs, Frankfurt am Main, Germany), in which a Myc tag was introduced with specific primers in-frame in front of the His 6 tag. The S6A, S230A, S231A, T234D, and T234E point mutations were introduced into the pGEX-MKK4 construct by site-directed mutagenesis. Similarly, the K69R loss of function mutation of BIN2 (BIN2lof) was introduced into pGEX5X3-BIN2 (33) Recombinant Protein Purification from Escherichia coli-GST-and His 6 -tagged proteins were expressed in E. coli BL21 and purified using glutathione-Sepharose beads (GE Healthcare) or nickel-cellulose beads (Carl Roth, Karlsruhe, Germany) as recommended by the suppliers.
Western Blotting-Western blot analysis was performed as described previously (5) . Membranes were probed with either a mouse anti-GFP antibody (Roche Diagnostics) or a mouse antic-Myc antibody (Santa Cruz Biotechnology). Alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma, Steinheim, Germany) was used as secondary antibody and detected by enhanced chemiluminescence using CDP-Star reagent (Amersham Biosciences).
Microscopy-For investigation of stomata clustering, leaves of 10-day-old seedlings were fixed on a metal support rack with Tissue-Tek (Sakura Finetek, Torrance, CA) and shock-frozen in liquid nitrogen, and leaf epidermal cells were subsequently visualized with a Hitachi T-1000 scanning electron microscope (Hitachi High-Tech, Tokyo, Japan). Alternatively, leaves were incubated in clearing solution (20 g of chloral hydrate, 4.6 ml of water, 2 ml of glycerol, 87%) at room temperature prior investigation by optical bright field microscopy. Leaves of stably transformed A. thaliana seedlings expressing the 35S:MKK4-YFP construct were investigated with a Zeiss LSM Meta confocal microscope for YFP reporter expression. The images were assembled using the Zeiss LSM image browser software For split YFP analysis, cDNAs of MKK4 and ASK were cloned in pGWR8 downstream of the 35S promoter and subsequently tagged with the N-terminal or C-terminal part of YFP (35) . The sequenced constructs were used for transient transfection of A. thaliana protoplasts (34) , and bimolecular fluorescence was investigated using an Olympus Bx61 fluorescence microscope.
GST Pulldown and in Vitro Kinase Assays-Two g of GST-BIN2 and MKK4-His 6 -Myc proteins were incubated in 500 l of 1ϫ PBS buffer for 1 h on ice. Then 20 l of glutathioneSepharose beads (GE Healthcare) were added and incubated further for 2 h at 4°C on a rotating wheel. After centrifugation at 1000 rpm for 1 min, the beads were washed with PBS containing 0.05% Tween 20. 4ϫ SDS loading buffer (200 mM Tris/ HCl, pH 6.8, 400 mM DTT, 8% SDS, 40% glycerol, and 0.01% bromphenol blue) was added to a final concentration of 1ϫ, and Western blotting was performed using anti-Myc tag antibody (Santa Cruz Biotechnology). The in vitro kinase assays were performed as described previously (29) . Briefly, 0.5 g (unless otherwise stated) of purified recombinant proteins was mixed together and the reaction was started by the addition of reaction mixture containing the kinase buffer (20 mM HEPES, pH ϭ 7.4; 15 mM MgCl 2 ; 5 mM EGTA; 1 mM DTT), 1 M ATP, and 10 Ci of [␥-
32 P]ATP (unless otherwise stated). The reaction was performed in a total volume of 20 l at room temperature for 30 min. The reaction was stopped by adding 6 l of 4ϫ SDS loading buffer (67 mM Tris, pH 6.8, 133 mM DTT, 2.7% SDS, 13% glycerol, 0.01% bromphenol blue). Kinase activities were analyzed by SDS-PAGE followed by autoradiography.
Mass Spectrometry-After Coomassie Brilliant Blue staining of the SDS-PAGE gel, protein bands corresponding to GST-BIN2 and GST-MKK4 were cut in 1-2-mm 3 pieces and subsequently washed in consecutive baths of acetonitrile, ultrapure water, and again in acetonitrile to remove SDS-PAGE buffer and Coomassie Brilliant Blue dye, and the steps proceeded further according to the protocol given in detail in the supplemental data.
RESULTS

BR Signaling Deficiency Induces Stomata Patterning Defects in A. thaliana-To investigate whether
BRs impact on cell patterning during stomata differentiation, we analyzed the abaxial epidermis of the first leaf pair of BR-deficient and BR signalingdeficient mutants by scanning electron microscopy. First we examined cpd, a BR biosynthetic mutant, which has previously been reported to display duplicated guard cells (18) . Fig. 1 shows that although wild-type A. thaliana seedlings exhibited the characteristic one-cell spacing patterning in stomatal distribution (1, 36) , stomata in cpd clustered at a strongly increased rate (of 9.1%). To verify these results, wild-type seedlings were grown for 10 days on medium containing Brz, an inhibitor of BR biosynthesis (37) . As shown in Fig. 1 , Brz treatment had the same effects on stomata distribution. It induced stomatal patterning defects; stomata clustering occurred at a rate of 14.0%. To investigate whether this was a phenotype induced by BR deficiency or whether it was due to defective BR signaling, we analyzed the BR signaling-deficient mutants bri1-1 (38) and bin2-1 (39), as well as plants overexpressing ASK, an A. thaliana GSK3/Shaggy-like kinase that acts redundantly with BIN2 in BR signaling (29) . Interestingly, in plants, in which BR downstream responses are constitutively impaired, a high frequency of clustered stomata (bri1-1, 14.9%; bin2-1, 11.1%; ASKoe, 33%) was observed. These increases were statistically highly significant as compared with wild type, as indicated by the low p values derived from a two-tailed 2 -test (Fig.  1B) . Thus, in summary, BR deficiency and more specifically defects in BR signaling disrupt the coordinated cell fate determination of stomata versus pavement cells.
BIN2 and Its Homologues Can Phosphorylate MKK4 in Vitro-
The stomata patterning defects of bin2-1 and ASKoe plants suggested that a cross-talk of BR signaling with factors controlling stomata cell fate specification occurred either at the level or downstream of BIN2 and redundantly acting GSK3/Shaggylike kinases. In a candidate gene approach, we thus tested whether GSK3/Shaggy-like kinases may directly phosphorylate players of the YDA-MKK4/5-MPK3/6 module. In vitro kinase assays were performed using recombinant MPK3, MPK6, and MKK4 and the GSK3/Shaggy-like kinases BIN2, ASK, and ASK␣. Although MPK3 and MPK6 could not be phosphorylated (data not shown and see Fig. 4, lane 1) , GST-BIN2 and its two homologues were able to efficiently phosphorylate GST-MKK4 ( Fig. 2A, lanes 5-7) . To further verify this result, a BIN2 loss-of-function (GST-BIN2lof) protein, generated by a point mutation of lysine 69 to arginine, was tested for its ability to phosphorylate MKK4. Fig. 2B illustrates the results of these kinase assays and shows that although wild-type BIN2 exhibited strong phosphorylation activity against MKK4, the BIN2lof protein was unable to catalyze MKK4 phosphorylation. Moreover in vitro pulldown assays were performed that showed that recombinant BIN2, expressed and purified as a GST fusion protein from E. coli, was able to interact with recombinant c-Myctagged MKK4 as detected by pulldowns using GST beads and Western blot analysis (Fig. 2C) . To investigate whether GSK3/Shaggy-like kinases can interact with MKK4 in planta, bimolecular fluorescence complementation assays (35) were carried out in A. thaliana protoplasts. For this purpose, ASK-YFP was chosen because it is expressed to comparably high levels as MKK4-YFP in protoplasts (whereas BIN2 is expressed at very low levels in this system (supplemental Fig. 1) ). ASK fused to the C-terminal portion of YFP and MKK4 fused to the N-terminal portion of YFP were co-expressed in protoplasts. As shown in Fig. 2D , yellow fluorescence was observed diffusely in the nucleus when protoplasts were co-transformed with ASK and MKK4. In contrast the controls (protoplast transformed with one of the constructs only) did not emit detectable fluorescence (data not shown).
BIN2 Specifically Phosphorylates MKK4 and MKK5 in Vitro-MKK4 acts redundantly with MKK5 in controlling MPK3 and MPK6 activity to negatively regulate stomata development (20) . Thus, the question arose whether MKK5 may also be a substrate of BIN2 and whether MKK4-or MKK5-unrelated MKKs would also be phosphorylated. For this analysis, two additional MKKs were chosen: MKK7, which has recently been shown to play a role in stomata development, albeit by presently unknown means (21) , and MKK2, which is one of the most distant relatives of MKK4 in sequence similarity (40) . In vitro kinase assays were performed in which the activity of BIN2 was investigated against recombinant GST-tagged versions of MKK2, MKK4, MKK5, and MKK7. Interestingly, BIN2 exhibited strong activity against MKK4 and MKK5, whereas its activity against MKK2 or MKK7 was negligible (Fig. 3) . Therefore BIN2 interacts with and phosphorylates MKK4 and its closest homologue MKK5, but does not accept MKK2 and MKK7 as substrates in vitro.
BIN2 Phosphorylation of MKK4 Negatively Regulates Its Activity against MPK6 in Vitro-
The fact that in the dominant bin2-1 mutant and in ASKoe plants stomata clustering phenotypes occurred, which are reminiscent of plants in which MKK4 and/or MKK5 expression is silenced (20) , suggested a model in which GSK3-mediated phosphorylation inhibits MKK4. To test this hypothesis, in vitro kinase assays were performed in which the activity of GST-MKK4 was investigated using recombinant His 6 -MPK6 as a substrate in the presence or absence of GST-BIN2. In the absence of BIN2, MKK4 phosphorylated MPK6 as expected, whereas this phosphorylation was abolished when BIN2 was added to the reaction (Fig. 4, lanes 2 and 5) . When an inactive BIN2 variant (BINlof) was used (lane 6) or when BIN2 was inhibited by adding the GSK3/Shaggy-like kinase inhibitor bikinin (33) to the reaction (lane 8), phosphorylation of MPK6 by MKK4 was restored, proving that BIN2 phosphorylation negatively regulates MKK4 activity in vitro.
Identification of BIN2 Phosphorylation Sites in MKK4 by Mass Spectrometry Analysis-To identify putative BIN2 phosphorylation sites in MKK4, a mass spectrometric analysis was performed. Purified GST-MKK4 fusion protein was incubated with GST-BIN2 in the presence of ATP. The reaction products were separated by SDS-PAGE, and a band corresponding to GST-MKK4 was isolated from the gel and digested with trypsin. The resulting peptides were subsequently subjected to mass spectrometry (MS) analysis. Phosphopeptides that increased in abundance following phosphorylation by BIN2 contained phosphoserine at position 6, phosphothreonine at position 234, and phosphoserine at position 230 or 231, which are located in the activation loop (MS analysis did not allow us to distinguish which of both serines was phosphorylated; for mass spectra, see supplemental Fig. 2 ). These sites were mutated to alanine to create single mutants, and kinase assays were performed with the mutants. Although BIN2-mediated phosphorylation of the S6A mutant (supplemental Fig. 3 ) and a S231A variant was similar to wild type (Fig. 5A, lane 8) , phosphorylation of the S230A and T234A mutants was strongly reduced (Fig. 5A, lanes  7 and 9) . Thus, Ser-230 and Thr-234 are essential for phosphorylation of MKK4 by BIN2 in vitro. Interestingly, mutation of Thr-234 also to other amino acids such as Glu or Asp abolished activity of MKK4 against MPK6 in vitro (supplemental Fig. 4 T234A -YFP to high levels, were characterized by striking developmental defects, such as severe dwarfism, round leaves, sterility, and premature death (Fig. 5B) . Because these phenotypes clearly resembled phenotypes described for plants in which MKK4 and MKK5 is silenced (20), we assessed whether 35S:MKK4
T234A
-YFP lines may also be affected in stomata distribution by scanning electron microscopy. The result is shown in Fig. 5C and illustrates that MKK4 T234A -YFP overexpression resulted in drastic stomata patterning defects, with the epidermis of cotyledons almost solely composed of stomata in highly expressing lines.
MKK4 Expression at the Subcellular Level-To gain further
insight into the role of MKK4, its subcellular localization was investigated. A YFP fusion to the C terminus of full-length MKK4 was expressed under control of the 35S promoter (35S: MKK4-YFP), and plant lines stably expressing this construct were generated (Fig. 6A) . A subsequent analysis of MKK4-YFP subcellular expression revealed that MKK4 is localized in the cytoplasm as well as in the nucleus, both when driven by the 35S promoter (analyzed in planta: Fig. 6B ) as well as when driven by the endogenous MKK4 promoter (analyzed in protoplasts: supplemental Fig. 5) . BR treatment or treatment with Brz did not alter MKK4 subcellular localization when analyzed in protoplasts (supplemental Fig. 5) .
MKK4 or MKK5 Overexpression Suppresses Stomata Clustering in BR-deficient Plants-The data presented above suggested a model in which, in a BR-deficient situation, BIN2 and redundantly acting GSK3/Shaggy-like kinases would phosphorylate MKK4/MKK5 to reduce their activity and thereby promote stomata clustering. Therefore an increase in the level of MKK4 should (partially) rescue the stomata clustering phenotype of Fig. 6 ). This result shows that MKK4-YFP and MKK5-YFP overexpression suppresses stomata clustering in BR-deficient plants.
DISCUSSION
Stomata are cellular epidermal valves, which plants have evolved to control water and gas exchange (41, 42) . In A. thaliana, stomata development is preceded by asymmetric cell divisions, and stomata distribution follows the one-cell spacing rule, reflecting the coordination of cell fate specification. Stomatal patterning is considered to involve the transmission of spatial cues from the stomata to the adjacent cell, which are required to correctly orient the plane of the spacing division (41) . Thus, spacing is thought to result from cell-cell signaling, and it is known that the MAPK signaling module YDA-MKK4/ 5-MPK3/6 is necessary for transducing signals to control cell division and cell fate decisions during stomata development and in embryogenesis (20, 21, 43, 44) .
BRs are essential plant hormones that regulate diverse aspects of growth and development, including cell elongation, cell division, and cell differentiation (12, 45, 46) . Previous findings suggested that BRs also participate in cellular patterning (15) , and here further evidence is provided that supports this role. In addition our results also provide a possible mechanistic explanation how BRs may influence stomata patterning. We show that BIN2 directly interacts with and phosphorylates MKK4 to negatively regulate its activity in phosphorylating MPK6 in vitro. Interestingly, a regulatory effect of BIN2 on the YDA-MKK4/5-MPK3/6 module was described very recently in a different study. The authors showed that BIN2 phosphorylates YDA to reduce its activity (47) . Together these results indicate that BIN2 targets both MAPKKK and MAPKK in the MPK3/6 module for suppression, which would allow for a dynamic cellular repatterning in response to developmental or environmental cues perceived and transduced by BRs.
The BR response pathway signals through the inhibition of GSK3/Shaggy-like kinase activities including BIN2, and here we provide evidence that BIN2 and homologues control the activity of MAPKKs. GSK3/Shaggy-like kinases are a group of highly conserved, constitutively active S/T kinases implicated in numerous signaling pathways and controlling metabolism, cell fate determination, and tissue patterning in various organisms (48 -50) . In mammalian systems substrates of GSK3s include glycogen synthase, ␤-catenin, cyclin D1, c-Jun, and Smad1 (48 -50) . This work is the first across all biological kingdoms to report that a GSK3/Shaggy-like kinase can phosphorylate a MAPKK. BIN2 phosphorylates MKK4 at Ser-230 and Thr-234 in vitro, which form a classical GSK3 phosphorylation motif ((S/T)XXX(S/T) (51)). Because mutation of Thr-234 completely abrogates BIN2 phosphorylation of MKK4, it is possible that Thr-234 is the main phosphorylation site, and Ser-230 may be less important. Our results show that phosphorylation of Thr-234 by BIN2 rendered MKK4 inactive. Furthermore, a point mutation of this site to other amino acids resulted in a kinase-dead protein (supplemental Fig. 4) , highlighting the importance of a Thr at position 234. Indeed Thr-234 is highly conserved in eukaryotic MAPKKs, suggesting a functional relevance in controlling MAPKK activities (Fig. 7) . Ser-230 is part of the activation loop of MKK4, which is suggested to be phosphorylated by the upstream kinases MEKK1 and YDA to activate it in stress signaling and stomatal patterning pathways, respectively (20, 52) . It seems possible that GSK3-mediated phosphorylation of Thr-234 may sterically hinder phosphorylation of the active loop by upstream MAPKKK. In a different scenario a competition for phosphorylation at Ser-230 between upstream MAPKKK and BR-regulated GSK3/Shaggy-like kinases could take place. It will be interesting to investigate whether MKK4 and/or MKK5 phosphorylation by BIN2 at Thr-234 overrides upstream regulatory events in this MAPK module.
An overexpression of MKK4 T234A , which is inactive against MPK6 in vitro, resulted in phenotypes reminiscent of plants in which the activities of either MKK4/5 or MPK3/6 are lost (20) . 
This suggests that also in plants MKK4
T234A is inactive because in a situation of constitutive overexpression, it may outcompete endogenous, active MKK4/5 in binding to MPK3/6, which would interfere with their activation and result in the observed developmental defects. It will be interesting to determine the physiological significance of BIN2-mediated Ser-230 and/or Thr-234 phosphorylation events and investigate whether modifications at these sites may allow for a dynamic regulation of MKK4 and MKK5 activity by the BR and YDA-MKK4/5-MPK3/6 signaling pathways in planta.
Cross-talk of BR signaling with the YDA-MKK4/5-MPK3/6 cascade at the receptor level has previously been reported with BAK1 playing a dual role as a co-receptor of both BRI1 and FLS2 (53) (54) (55) . Moreover very recently BIN2 was shown to also directly control SPCH activity (31) . Our study now provides further indications for a cross-communication of the two pathways, opening up the possibility of a web of interactions, which enables BRs to dictate cellular patterning and other responses signaled by the YDA-MKK4/5-MPK3/6 MAPK module.
